lometric study. 12 Ethnicity was determined by self-report and was confirmed by the study investigators. All patients had OSA as determined by polysomnography (apnea-hypopnea Index [AHI] ≥ 5 /h).
Polysomnography
Diagnostic polysomnography (PSG) was performed in accordance with previous studies and recommendations. 13, 14 Sleep staging was determined using standardized definitions. 15 Respiratory variables included chest wall and abdominal movement, diaphragm EMG, nasal airflow and pressure, and oxygen saturation by pulse oximetry. Definitions of all scored events were consistent at both study sites. Apnea was defined as a cessation of breathing during sleep ≥ 10 sec, with oxygen desaturation > 3% and/or associated with an arousal. Hypopnea was defined as ≥ 50% reduction in airflow, associated with an arousal and/or ≥ 3% reduction in blood oxygen saturation, lasting ≥ 10 sec. The AHI was calculated as the average number of episodes of apnea plus hypopnea per hour of sleep. Minimum oxygen saturation (MinSaO 2 ) was also measured. Scoring was performed by experienced sleep technologists.
Cephalometric Examinations
A lateral cephalometric radiograph was taken for each subject at both sites, according to previously described methods. 16 Radiographs were taken at end-expiration, with the head in the natural position. This was achieved by asking the subjects to look into their own pupils reflected in a mirror located at eye level. Cephalometric analysis was performed in a standardized fashion to examine anatomical variables previously used for OSA investigation. 13 The landmarks and measurements obtained are shown in Figure 1 . All cephalograms were hand traced by a single investigator (SV). Where a bilateral landmark presented as 2 images, the average of the 2 was used, with a template of the bilateral structures employed to ensure accurate reproduction. The cephalograms were scanned and digitized using custom analysis software (Dolphin Imaging Program, Premium Version 10.0 CA, USA). The mean enlargement factor for the cephalograms was 11% for the Caucasian group and 13% for the Chinese group. While this did not affect the angular measurements, the linear measurements were transformed by the respective enlargement factors using the imaging software to allow direct comparison.
Measurement error was assessed in 20 randomly selected patients from both groups, whose radiographs were re-traced, re-digitized, and re-measured by the same examiner under the same conditions one month later. The coefficient of variation was calculated.
Anthropometric Measurements
The anthropometric measurements of obesity included neck circumference (cm), height (m) and weight (kg), enabling calculation of the body mass index (BMI) (kg/m 2 ).
Statistical Analyses
Data were analyzed using a statistical package (SPSS for Windows Versions 14, Chicago IL, USA). Comparisons of the cephalometric, anthropometric, and polysomnographic data between 2 ethnic groups were performed using the unpaired t-tests. In addition, subgroup analyses with 2 separate matching procedures were performed from the recruited Caucasian and Chinese patients: (1) matched for BMI [ ± 1 kg/m 2 ]; (2) matched for OSA severity (AHI [ ± 10 events/h] and MinSaO 2 [± 10%]). These were performed by selecting pairs of patients, one from each ethnic group, with similar BMI or OSA severity, within the ranges described above. This allowed comparison of subgroups of Caucasian and Chinese patients that did not differ in overall BMI or OSA severity, while still maintaining a reasonable subgroup sample size after the matching. Allowing for the multiple comparisons, a P-value of less than 0.002 was considered significant for the cephalometric measurements (Bonferroni adjustment for 27 variables). For P-values between 0.002 and 0.005, these were considered marginally significant. Comparisons between bony and soft tissue dimensions were also made after correction of per meter of subject body height. Regression modeling was also performed on the entire sample of 150 patients. The natural logarithm of AHI [lnAHI] was used as the response variable, since the transformed values allowed the regression assumptions to be better satisfied. Variables examined included 27 cephalometric measurements, age, BMI, neck circumference, and ethnicity. Initial analysis involved constructing a multiple linear regression model using a stepwise approach to select potential explanatory variables for AHI. Subsequent exploratory analysis involved plotting lnA-HI against each of the potential predictors, with ethnicity as a grouping variable, to identify significant two-way interactions between ethnicity and the cephalometric or obesity variables. Finally, linear models were constructed including ethnicity and its interactions in order to examine the differential impact of the 2 ethnic groups on OSA severity.
RESULTS
One hundred fifty patients with OSA (74 Caucasian, 76 Hong Kong Chinese) were recruited for this study. Baseline characteristics of the comparison groups are presented in Table 1 . The two ethnic groups had similar mean age, gender proportions, neck circumference and BMI, but the Chinese patients had more severe OSA (mean AHI 35.3 ± 26.1 vs 25.2 ± 16.3 events/hr, P = 0.005; MinSaO 2 75.5 ± 14.7 vs 85.3 ± 6.2%, P < 0.001). The Chinese patients also had more craniofacial bony restriction (Table 1 ). Specifically, they had a shorter cranial base [SN] (63.6 ± 3.3 vs 77.5 ± 6.7 mm, P < 0.001), midface length [Co-A] (82.7 ± 4.7 vs 96.2 ± 8.0 mm, P < 0.001), maxilla [ANS-PNS] (50.7 ± 3.7 vs 58.8 ± 4.3 mm, P < 0.001) and mandible [Go-Me] (65.4 ± 4.2 vs 77.9 ± 9.4 mm, P < 0.001). These cephalometric measurements remained shorter in the Chinese patients after correction for differences in body height. The hyoid position appeared lower relative to the mandibular plane [MP-H] in the Caucasian patients (22.4 ± 6.7 vs 19.0 ± 6.0 mm, P = 0.001), but this difference was no longer significant when corrected for body height. Other cephalometric skeletal differences are summarized in Table 1 ; these include a greater SNA, ANB, Y-Axis and SN-PP angle, and a smaller gonial angle in the Chinese patients. The Chinese patients had a relatively smaller airway space (PAS), and their soft palate and tongue size were also smaller (Table 1) .
In the BMI-matched subgroup analysis, 66 pairs of Caucasian and Chinese patients were compared. The mean BMI was 29.7 ± 4.7 kg/m 2 in the Caucasians and 29.6 ± 4.6 kg/m in the Chinese patients. There were equal numbers of males in each group. Similar to the comparison with the entire patient cohort, the Chinese patients continued to have more severe OSA when matched for BMI (mean AHI 33.8 ± 24.5 vs 24.9 ± 15.8 events/h, P = 0.02; MinSaO 2 76.2 ± 13.7 vs 85.3 ± 6.3%, P < 0.001). They also had more craniofacial bony restriction for the same degree of obesity (data not shown).
In the OSA severity-matched subgroup analysis, 52 pairs of Caucasian and Chinese patients were compared ( Table 2 ). The mean AHI and MinSaO 2 were similar between the 2 ethnic groups. When matched for OSA severity, the Caucasians were more overweight (BMI 30.7 ± 57 kg/m 2 vs 28.4 ± 4.3 kg/m 2 , P = 0.03) and had larger neck circumference (40.8 ± 3.5 cm vs 39.1 ± 2.6 cm, P = 0.004). The Chinese patients casians and the OSA severity matched Chinese patients ( Table 2 ). The explanatory model for OSA severity was developed using the entire cohort of 150 patients and it can be described by the following equations (developed from the one model, containing significant terms for interaction of ethnicity with BMI, SN-OP, and PNS-P): This model suggests that Co-A, ANS-PNS, PFH, and BMI were independent predictors for OSA severity in both Caucasian and Chinese. However, a one-unit increase in BMI resulted in a larger positive contribution to lnAHI for the Chinese patients (coefficient for BMI was 0.041 compared to 0.011 for Caucasians). The SN-OP and PNS-P also contributed positively to OSA severity in the Chinese, but not in the Caucasians. Overall, the model had an adjusted r 2 of 0.39. The coefficient of variation was < 5% for all the cephalometric variables on repeated measures in a subset of patients.
DISCUSSION
This study aimed to explore the differences in craniofacial structures and obesity as risk factors for OSA in Caucasian and Chinese patients. We found that craniofacial structures and obesity contributed differentially to OSA in these two ethnic groups. For the same degree of obesity, Chinese patients had more severe OSA and more craniofacial bony restriction. When OSA severity was similar, Caucasian patients were more overweight and had larger neck circumference, whereas the Chinese patients exhibited more craniofacial bony restriction.
Epidemiological evidence strongly supports obesity as being one of the most important risk factors for OSA across many ethnic groups. 3, 4, 6 Despite similar disease prevalence, Chinese are less obese compared to communities from Australia and the United States. 3, 6, [17] [18] [19] Our data demonstrated that on average Chinese patients with OSA had a BMI 2.3 kg/m 2 (~7.5%) lower than Caucasians with the same degree of OSA severity. When BMI was similar, however, Chinese patients had a mean AHI higher by 8.9 events/h in our cohorts and suffered from more severe oxygen desaturation. These findings are consistent with data from other inter-ethnic studies. 19, 20 Furthermore, our data also suggest that for every unit of BMI increment, it results in a greater increase in OSA severity in the Chinese. These results suggest that the impact of obesity on OSA is greater in the Chinese populations. However, epidemiological data indicate that the odds of having OSA for each standard deviation of BMI increment is in fact lower in Chinese patients compared to the Wisconsin cohort (odds ratio 2.42 versus 4.19).
3,6 Therefore, at a population level, had more craniofacial bony restriction (shorter cranial base, midface length, maxilla and mandible, etc.), a smaller airway space (PAS), and smaller soft palate and tongue size (Table 2) . When comparing the ratio of the BMI to the height-adjusted mandible size (BMI: Go-Me/Height) or maxilla size (BMI: ANS-PNS/height), there was no difference between Cau- ing was adequate. While there were no normal control groups available in this study, many previous intra-ethnic studies have already demonstrated differences compared to non-apneic controls. 12, 27, 28 Future ethnic comparisons of larger clinical cohorts and control subjects in both genders would add further to the results of this study. Craniofacial assessment with a more convenient and higher throughput photographic analysis technique could have great potential for application in this endeavor. 29, 30 This study was to investigate anatomical differences between Caucasians and Chinese in OSA, and therefore other pathophysiological factors with possible ethnic influence (e.g., neuromuscular and ventilatory control) were not specifically examined. Examining detailed polysomnographic data, such as the ratio of apneas to hypopneas, could provide additional phenotypic differences between the two ethnic groups. The definition of ethnicity relies on the assumptions of the subjects and investigators, but this remains the most commonly used approach in epidemiological studies.
the risk of OSA attributable to obesity seems lower in Chinese patients, likely due to the lower prevalence of higher BMI levels. While in clinical OSA cohorts such as in this study, with higher prevalence of obesity and craniofacial bony restriction, the impact of BMI on OSA severity seems more pronounced in Chinese patients.
It has also been postulated that craniofacial factors, pharyngeal narrowing, and collapsibility assume greater pathogenic significance in Chinese subjects. 3, 21 In our study, Chinese patients clearly had evidence of craniofacial bony restriction that is more marked compared to Caucasians. Most importantly, this is taking into account differences in body height, unlike previous inter-ethnic comparison studies. 10, 19 The findings include maxillary and mandibular restriction, shorter midface and cranial base, in addition to a smaller airway space. Overall, while these findings have been reported in cephalometric studies within various ethnic groups, 12, [22] [23] [24] comparative studies between Caucasian and Chinese patients remain very limited. Our study further explored the impact of ethnicity on OSA severity with statistical modeling. Similar to many previous cephalometric studies in OSA, [24] [25] [26] craniofacial structures and BMI were independent predictors of OSA severity in both ethnic groups. But in the Chinese patients, the soft palate length (PNS-P) and the angulation between the cranial base with the occlusal plane (SN-OP) had additional positive contribution to OSA severity. The former suggests that upper airway soft tissues may contribute to airway collapse more so in Chinese patients, especially in the presence of craniofacial bony restriction. The higher SN-OP could reflect a steeper cranial base, which is seen in Chinese patients with OSA. 10 The balance between the relative size of the craniofacial bony compartment and the amount of upper airway soft tissue or degree of obesity is an important determinant of upper airway size and OSA risk. 7, 8, 25 This concept is supported by our finding of the similar ratios of obesity to mandibular and maxillary dimensions in the OSA severity-matched Caucasian and Chinese patients. This anatomical balance model also explains the greater impact of obesity on OSA severity in Chinese patients who have on average smaller craniofacial bony enclosure.
Our study has a number of important limitations. Whilst the sample size for each ethnic group is modest, there is potential for selection bias as patients were recruited from two separate clinics. The difference in socioeconomic status, cultural, and environmental factors between Australians and Hong Kong Chinese may influence subject presentation or referral pattern for clinical assessment, and possibly their preponderance for certain OSA risk factors. Also, Caucasian patients were those who had cephalometry performed as part of a clinical assessment for oral appliance therapy. However, the matching procedures performed in our analyses should address the stated aims of this study while minimizing some of the potential selection bias. Furthermore, age and gender numbers were similar between the ethnic groups in both matching analyses. For OSA severity matching, while the ranges may seem wide, those pairs who were matched with AHI up to 10 events/h and MinSaO2 up to 10% difference tended to be those with more severe OSA. In these cases, OSA severity is practically well matched. The means and standard deviations of the AHI and MinSaO2 for the Caucasian and Chinese patients suggest that the overall match- Figure 1 for definitions of measurements. All data are presented as mean ± SD. NS -non-significant. §Cephalometric measurements that were significantly different are shown. *Dimensions adjusted for body height (mm/meter). †Angular measurements in degrees.
In summary, this study adds to the increasing evidence of the phenotypic differences between Caucasian and Chinese patients with OSA. We found that craniofacial structures and obesity contributed differentially to OSA in these two ethnic groups. Future work using more sophisticated analysis and imaging modalities will help to further define the interaction of these anatomical risk factors across ethnic groups and this may have implications in the diagnosis and management of OSA.
